The mesenchymal-amoeboid transition (MAT) was proposed as a mechanism for cancer cells to adapt their migration mode to their environment. While the molecular pathways involved in this transition are well documented, the role of the microenvironment in the MAT is still poorly understood. Here, we investigated how confinement and adhesion affect this transition. We report that, in the absence of focal adhesions and under conditions of confinement, mesenchymal cells can spontaneously switch to a fast amoeboid migration phenotype. We identified two main types of fast migration-one involving a local protrusion and a second involving a myosin-IIdependent mechanical instability of the cell cortex that leads to a global cortical flow. Interestingly, transformed cells are more prone to adopt this fast migration mode. Finally, we propose a generic model that explains migration transitions and predicts a phase diagram of migration phenotypes based on three main control parameters: confinement, adhesion, and contractility.
In Brief
A large range of slow mesenchymal cells can switch to fast amoeboid-like migration under conditions of low adhesion and strong confinement, suggesting that tumor cells may spontaneously escape primary tumors and invade tissues without any specific genetic alteration. 
INTRODUCTION
The mechanisms individual cells use to migrate can be divided into two distinct types, known as mesenchymal migration and amoeboid migration. Cells migrating in a mesenchymal fashion typically adopt an elongated, spindle-like shape and exert traction on their substrates via focal adhesions associated with actin rich protrusions, such as lamellipodia or filopodia. In contrast, cells undergoing amoeboid migration adopt round or irregular shapes. They undergo cycles of expansion and contraction, which allow them to squeeze through gaps in the extracellular matrix. The velocity of amoeboid migration is often higher than that of mesenchymal migration (Panková et al., 2010 ) and it appears to involve a range of different sub-modes, such as bleb-based migration or gliding (Paluch and Raz, 2013) . Consequently, it is not as well-defined at the molecular level as mesenchymal migration, although it is thought to rely on an increased activity of the RhoA pathway, which activates formin-based actin nucleation and myosin II contractility (Sanz-Moreno and Marshall, 2010) .
Despite an extensive literature on the subject, it remains unclear whether the various modes of amoeboid migration are mechanistically distinct from each other, or whether they represent a continuum of a single process. Recent work, however, has identified mechanisms common to several forms of amoeboid migration, supporting the continuum model. Several studies report, for example, that amoeboid migration is often based on a contractile cell rear inducing a retrograde flow in the cell cortex (Heuzé et al., 2013; Paluch and Raz, 2013; Poincloux et al., 2011) . Others have shown that, in contrast with mesenchymal migration, amoeboid migration does not depend on a cell's ability to form focal adhesions with its environment (Bergert et al., 2012; Lä mmermann et al., 2008; Renkawitz et al., 2009 ). In the light of these studies, Lä mmermann and Sixt (2009) have proposed that three key parameters modulate the mode of migration of cells, namely protrusion, contractility, and adhesion. They further suggest that by altering the balance between these parameters, cells could adapt their mode of motility to different migration environments , allowing migrating cells to negotiate the topologies of the different tissues they encounter.
Migration mode plasticity is an important factor for immune cells migration but also in cancer metastasis, as disseminating tumor cells have to navigate a range of extracellular matrix geometries to escape their point of origin and spread to distant sites. Metastasizing cancer cells exhibit both mesenchymal and amoeboid modes of migration, and recent studies have shown that they can switch between the two, a phenomenon known as the mesenchymal-amoeboid transition (MAT) Panková et al., 2010; Taddei et al., 2013; Tozluo glu et al., 2013) . Importantly, non-migrating cells such as epithelial cells can first undergo a transition to mesenchymal migration (epithelial to mesenchymal transition or EMT), enabling them to develop collective and/or individual migratory behaviors associated with cancer cell dissemination Taddei et al., 2013) . This suggests that, by going through sequential transitions, even epithelial cells, could eventually display amoeboid motility (Giampieri et al., 2009 ).
Given its importance in metastasis, the MAT has been the focus of several recent studies. These have identified key parameters driving the transition: cell-intrinsic factors, such as intracellular signaling and contractility, and extrinsic, environmental factors, such as cell adhesion and the geometry of the extracellular matrix. Using a protease inhibitor mix to inhibit the matrix remodeling ability of mesenchymal cells induces the MAT and is associated with a reduction in integrin expression (Carragher et al., 2006; Wolf et al., 2003) . Tozluo glu et al. (2013) combined in vivo experiments and mathematical simulations to highlight cell confinement as a crucial parameter affecting the efficiency of various migration modes. In vitro studies using micro-channels also point to an important contribution of confinement in changing the requirements for efficient locomotion (Hung et al., 2013) .
Until now, however, no systematic quantitative study has been performed to understand the interplay between a cell's environment and its migration behavior. Here, we describe how we systematically studied the effects of confinement and adhesion on migration modes. Using a variety of cell types, we found that slow mesenchymal cells can switch to fast amoeboid-like migration under conditions of low adhesion and high confinement. We propose a simple generic physical model that produces a phase diagram of migration modes and depends on both the intrinsic properties of cells and environmental parameters.
RESULTS

Adhesion Decreases Speed but Increases Persistence in Non-Confined Conditions
To systematically investigate the effects of adhesion and confinement on cell migration, we combined two methods (Figure 1) to control cell adhesion (by quantitative controlling of the Cell culture substrates were treated with various ratios of pLL-PEG and pLL-PEG-RGD to control adhesion of cells with their environment and PEG-treated slides containing micro-spacers were used to confine cells at a fixed height. See also Figure S1 .
density of RGD peptides on the cell substrate) (Barnhart et al., 2011) and to confine cells plated on a 2D substrate ( Figure S1 ; Le Berre et al., 2012) . Normal human dermal fibroblast cells (NHDF) migrate in a mesenchymal fashion and so were chosen to study. We began by seeding NHDF cells on surfaces coated with various concentrations of pLL-PEG-RGD, but without confining them ( Figure 2A ). As RGD density decreased, cell spreading likewise decreased. Where RGD density dipped below 5%, cells were unable to attach to the substrate when gently flushed (Figures 2B and 2C) . To quantify differences in migration behavior, trajectories of individual cells ( Figure 2D ) were analyzed in terms of instantaneous speed (S), persistence (P) and diffusivity (D) ( Figures 2E, S2D , and S2E; Movie S1; see Extended Experimental Procedures for details on calculation). In agreement with previous work by others (DiMilla et al., 1993) , the long-term displacement of cells, which is characterized by their diffusion coefficient, is maximal for an intermediate level of adhesion ( Figure 2F ), due to an increase in persistence and a decrease in instantaneous speed with increasing adhesion (Figures 2G and 2H) . These observations confirmed the typical mesenchymal migration of these fibroblasts.
Confinement Modifies the Migration Behavior of NHDF Cells
We introduced confinement by covering cells (cultured on surfaces of controlled adhesion) with a non-adhesive surface ( Figure S1 ). NHDF cells were 7.6 ± 0.36 mm high during interphase. We therefore chose to limit our investigation to heights of either 5 or 3 mm. At 5 mm (low confinement), the cell body was slightly deformed. At 3 mm (high confinement), both the cell body and the nucleus were deformed (Le Berre et al., 2012) .
Cells tended to retract when confined, forming fewer large lamellipodial protrusions and more elongated pseudopodia (Movie S2; Figure 3A for 5 mm, Figure S3A for 3 mm, and phenotype C in Figures 3B-3E ). This retraction of the cell margin was probably due to an increase in cell cortex contractility, which favors a more compact morphology (Sahai and Marshall, 2003) . When adhesion was low (%15% RGD) and confinement high, cells became totally round, mostly immobile, and often showed a continuous blebbing activity (Movie S2; phenotype B in Figures 3B-3E , note in Figure S3 legend), further suggesting an increased level of contractility. Unexpectedly, a fraction of these rounded NHDF cells could polarize and move fast with an amoeboid-like morphology (Movie S2; phenotype A in Figures 3B-3E ).
Further quantification of the migration of spread cells (phenotype C or E) showed that confinement always reduced the instantaneous speed of such cells ( Figure 3E ), but did not significantly change their persistence ( Figure S3B ). Cells that were more rounded did not move, except for a sub-fraction of cells that spontaneously polarized (phenotype A). These cells showed a much higher diffusion coefficient (up to ten times higher), which was not observed under conditions of strong adhesion or without confinement. The high diffusion coefficient of cells showing an amoeboid-like behavior could be attributed to both an increase in instantaneous speed and an increase in persistence. This is reminiscent of the behavior of leukocytes, such as dendritic cells, which are known to migrate fast and independently of specific integrin-based adhesion (Lä mmermann et al., 2008; Lä mmermann and Sixt, 2009; Hawkins et al., 2009; Heuzé et al., 2013) . See also Figure S2 and Movie S1. Altogether, these observations show that a fraction of typically mesenchymal NHDF cells migrating under conditions of high confinement and low adhesion can switch to a fast amoeboidlike migration.
Two Distinct Modes of Amoeboid-like Migration Can Be Induced, Depending on Cell Type To test whether this microenvironment-dependent switch in the mode of migration was restricted to NHDF cells, we investigated the migration behavior of 20 other cell types confined by fully non-adhesive surfaces (100% pLL-PEG). We chose a sample of cell types covering a large range of migratory and non-migratory cells, including normal and transformed epithelial cells (preand post-EMT), normal and transformed mesenchymal cells, leukocytes (typical amoeboid cells), and muscle cell precursors.
For all cell types, with the exception of normal epithelial cells, we found a sub-fraction of spontaneously polarizing cells moving fast with an amoeboid-like morphology (Figures 4A and 4B) . Unexpectedly, we found two distinct types of fast-migrating cells . The first type, which we named A1, was similar to what was observed with NHDF cells: a round cell body and a small leading edge (Movie S3). The second, which we named A2, had an elongated ellipsoid cell body with a large uropod and resembled a migrating neutrophil (Figures S4A and S4B; Movie S3). Globally, A2 cells moved significantly faster (5.3 ± 1.5 mm/min) than A1 cells (1.7 ± 0.4 mm/min) and they both moved much faster than mesenchymal controls (0.234 ± 0.09 mm/min) (see Figures 4C and 4D ).
The type of fast migration, A1 or A2, varied according to the cell line under observation ( Figure 4D ). For five cell types, the two modes could coexist in the same cell population, while most cell types preferentially switched to one migration mode or the other. Interestingly, different sub-clones of HeLa cells obtained from different labs (see Supplemental Information for a description of cell types) could either preferentially switch to A1 or A2 ( Figure 4D ). This suggests that these two migration modes, which are morphologically very different, can arise in very similar cell types, probably based on subtle molecular differences.
Transformed Cells, as well as Leukocytes, Preferentially Display Fast A2 Migration under Confinement
Comparing different groups of cell types revealed general trends in the transition to amoeboid migration. Normal epithelial cells rarely displayed a transition to fast amoeboid migration (Figure 4D) . This was due to the formation of large cell clusters that were mostly non-motile. At lower density, individual cells were able to display the A1 migratory phenotype.
When we induced EMT in MDCK or MCF10A cells with TGFb, they no longer formed clusters and displayed fast A2 migratory phenotype. This was also true for tumor cell lines of epithelial origin from different tissues or in vitro transformed cell lines. Similarly, while normal mesenchymal cells tended to display mostly A1 migration under confinement, transformed mesenchymal cells often used in MAT studies displayed a high proportion of A2 migration mode when confined in a non-adhesive environment. Surprisingly, even muscle cell precursors displayed this fast migratory behavior under strong confinement. As expected, all leukocytes displayed A2-like migration, including monocytes, which showed no motility on 2D substrates due to lack of adhesion. This suggested that the fast A2 migration mode was typically adopted by amoeboid cells, such as leukocytes, and by transformed cells migrating individually, independently of their tissue of origin.
Altogether, these results show that most slow mesenchymal cells can spontaneously switch to a fast amoeboid-like mode of migration when they are confined in a non-adhesive environment.
The Switch to Amoeboid-like Migration Depends on the Absence of Focal Adhesions
The switch to amoeboid migration was observed only for adhesion levels that did not allow cell binding to the substrate when no confinement was applied ( Figures 2B and 3C ). To check for the presence of focal adhesions, we imaged HeLa VL cells by total internal reflection microscopy (TIRFM) (Trache and Meininger, 2008) , on fibronectin-coated substrates and on PEG-treated substrates. On fibronectin, Vinculin-GFP displayed the expected pattern of focal adhesions, while on PEG, it was diffuse in the cytoplasm ( Figure S5A ). This was true both with and without confinement, showing that confinement did not restore the capacity of cells to form focal adhesions on PEG-treated surfaces.
We then tested whether the ability of PEG-treated substrates to promote amoeboid migration relied on a lack of focal adhesions or on another surface effect of the PEG treatment. For this, we confined HeLa VL on an adhesive fibronectin surface and prevented formation of focal adhesions by knocking down the expression of Talin proteins with small interfering RNA (siRNA) or using the b1-integrin-blocking antibody 4B4 (Figures 5, S5B, and S5F) .
Under confinement on a fibronectin-coated surface, Talin knocked-down cells switched to A2 three times more often than cells treated with a non-targeting siRNA and as often as control cells on a non-adhesive PEG-treated substrate. Similarly, treating cells with 4B4 significantly increased the proportion of cells switching to amoeboid migration. This confirmed that the capacity to switch to amoeboid-like migration depended on the absence of focal adhesions and not on the chemical nature of the migration substrate or on a particular molecular perturbation of focal adhesion complexes.
The Switch to Fast A2 Amoeboid-like Migration Depends on High Cell Contractility, whereas A1 Requires Low Contractility The comparison of a large number of cell types under two different levels of confinement suggested that increasing confinement led to a larger proportion of A2 migrating cells (Figure 4D) . We confirmed this effect using three different levels of confinement for HeLa VL cells. While most migrating cells displayed A1 migration under low confinement, only A2 was observed under high confinement ( Figure 5B ).
To investigate the role of the myosin II motor protein in the behavior of confined cells, we first treated confined HeLa VL cells with increasing doses of the phosphatase inhibitor calyculin A. This inhibits the dephosphorylation of myosin II, thereby increasing its activity (Ishihara et al., 1989 5D ; Movie S4). We also used siRNA to knock down the expression of MYPT1 ( Figure S5F ), the PP1 partner targeting myosin II (Feng et al., 1999) . MYPT1 siRNA induced an increase in the volume and number of blebs ( Figure S5C ) and an increase in the fraction of cells switching to A2 ( Figures 5E and S5D) , confirming the role of myosin II-based contractility in this phenomenon. High-resolution imaging showed that the transition to A2 corresponded to the formation of a large bleb where most of the cell cytoplasm, including the nucleus, was transferred ( Figure 5F ; Movie S5), inducing a profound reorganization of the cytoskeleton and resulting in a new stable shape with an elliptical cell body and a rear uropod. The formation of such large blebs occurred at a constant rate ( Figure S5E ) and more frequently when cells were treated with calyculin A or knocked-down for MYPT1 ( Figure S5E ). Overall, this suggests that confinement favors cell contractility and that high cell contractility favors fast A2 migration.
To confirm that hypothesis, we measured the contractility of cell populations displaying different fractions of A2 phenotype (see Supplemental Information). We plated cells between two non-adhesive gels of known rigidity (1 kPa) coated with fluorescent beads ( Figure S5H ). Using 3D high-resolution imaging, we assessed the extent to which the cells deformed the gels and so deduced the ability of cells to push on their surroundings, as a measure of their relative level of cortical contractility (Figure S5I ). This measure increased with increasing myosin II activity ( Figures 5H and S5G) , and stronger cells displayed a higher fraction of A2 migratory phenotype ( Figure 5H ). We then assayed other cell types and found that cells displaying A2 migration were significantly stronger than cells displaying A1 migration (Figure 5I ). This confirmed our hypothesis that A2 migration appeared above a certain threshold of contractility.
Accordingly, treating cells with the ROCK inhibitor Y27632 reduced bleb formation and the proportion of cells switching to A2. More generally treatment with blebbistatin prevented formation of A2 migrating cells in all cell types tested. Unexpectedly, however, it did not prevent HeLa cells from moving and instead drastically increased the number of cells switching to the A1 amoeboid-like migration mode (Figures 5C and 5G ; Movie S4).
Together, these experiments show that high contractility favored fast A2 migration mode, by increasing blebbing activity, eventually leading to the formation of large ''stable blebs'' comprising most of the cell content. Conversely, low contractility favored the formation of protrusive structures, leading to A1 migration.
A2 Migration Mode Relies on a Fast and Global Cortical
Retrograde Flow, whereas A1 Migration Relies on Local Actin Polymerization To characterize the migration mechanism of confined non-adhesive cells, we imaged focal adhesions, actin, and myosin II using TIRFM. On the fibronectin-coated surface, cells attached, spread, and formed focal adhesions and actin stress fibers containing myosin II ( Figure 6A , upper panel; Movie S6). In A2 cells migrating under confinement on a non-adhesive surface, Vinculin-GFP was homogeneously distributed in the cytoplasm, and no stress fibers could be observed. Instead, actin filaments assembled into a fibrous cortex that was absent from the cell front, but became progressively denser toward the cell rear at the uropod ( Figure 6A , middle panel; Movie S6). Myosin II formed patches in A2 cells, mostly on the rear part of the cell where the actin cortex was denser. Both actin filaments and myosin II patches showed a strong retrograde flow in the central part of the cell (15.8 ± 3.7 mm/min SD n = 11, measured in the reference frame of the cell), whereas almost no actin movement was observed in the rear of the cell and in the uropod ( Figure 6A bottom panel; see also Movie S7 and Figure 6B for flow visualization by particle image velocimetry).
To assess whether A1 motility relied on a similar mechanism, we added 30 mM of the ROCK inhibitor Y27632. As with the A2 cells, we found that motile single A1 cells displayed a fast retrograde flow (14.63 ± 0.9 mm/min). Unlike the A2 cells, however, the flow was not global, from the front to the back of the cell. Instead, it was localized only in a small protruding region at the leading edge of the cell (Figures S6A and S6B ; Movie S8). The limited area of the retrograde flow might explain why these cells were slower than A2 cells.
Several studies have shown that such a retrograde flow is responsible for cell movement independently of adhesion in amoeboid cells (Bergert et al., 2012; Renkawitz et al., 2009) . To confirm the role of the retrograde flow in cell movement, we also compared retrograde flow speed with cell speed and found a significant correlation between these two parameters (Figure S6E) . However, retrograde flow was faster than the cell speed, indicating that a limited amount of friction occurs between the flowing cortex and the substrate surface (Renkawitz et al., 2009) . In A2 cells lacking a uropod, the cell could go as fast as the retrograde flow ( Figure S6F ; Movie S8), and on average, A2 cells were 1.84 time faster (1.32-2.58 at 95% confidence) after being detached from their uropod (see also Figures  S6C and S6D) . These results confirmed that A2 cells moved via a coupling of a fast acto-myosin retrograde flow with the substrate and that the uropod acted as a dragged passive body. (B) Fraction of each phenotype for various cell lines under 3-mm confinement on a non-adhesive surface (n = 140, 147, 267, 129, 60, 138, 137, 115, and 112 cells) . (C) Instantaneous migration speed for various cell lines depending on their migratory phenotype (n = 13, 13, 13, 13, 13, 13, 22, 6, 10, 11, 10, 2, 9, 3, 10, 46, and 11 Figure S4 and Movie S3. In A2 Cells, the Stable and Global Retrograde Flow Is Induced by Myosin II Contractility and Asymmetrical Actin Turnover To better understand how global retrograde flow could be maintained and how actin was recycled in the cell, we calculated the polymerization dynamics of filamentous actin. We first measured the 1D retrograde flow of actin and myosin II along the length of cells (see Extended Experimental Procedures for details). In individual cells, the mean rate of flow (in the reference frame of the moving cell) was similar for both proteins ( Figure 6C ). In terms of protein localization, however, myosin II patches appeared to lie further toward the back of the cell ( Figure 6D ; Movie S6). Interestingly, we noticed that myosin II was localized where the actin retrograde flow accelerated ( Figure 6D , bottom-right graph) and that the gradient of speed of the actin filaments, which accounts for the actin network contraction, was similar to the mean myosin II density along the cell ( Figure 6D ). This suggested a role for myosin II in accelerating the retrograde actin flow.
To produce a stable cortical flow, cortical actin has to be recycled. According to the well-accepted model for actin filament turnover (Wilson et al., 2010) , new actin monomers are polymerized at the cell front and filamentous actin is severed at the back of the cell. As in Wilson et al. (2010) , we were able to use the mass conservation law to deduce the rate of polymerization of filamentous actin along the cell length (see Supplemental Information for details). We found that actin polymerized at the front at a constant rate and depolymerized at the back ( Figure 6E) . A similar analysis of myosin II dynamics showed that recruitment of this protein was reduced toward the cell front, suggesting that it was rapidly captured by actin filaments and moved toward the rear of the cell.
Based on these elements, a mathematical model can be proposed (summarized in Figure 6H and Supplemental Information) (see also Ruprecht et al. [2015] in this issue of Cell; Callan-Jones and Voituriez, 2013; Hawkins et al., 2011) , which predicts appearance of a motile ''stable bleb'' state above a threshold of contractility of the acto-myosin cortex.
To further test this model, we assessed the respective roles of actin turnover and myosin II contractility in A2 migrating cells. When cells were treated with low concentrations of jasplakinolide, a drug that interferes with actin filament turnover, an increasing fraction of the actin filaments was found to accumulate at the cell back ( Figure 6F ). Above 250 nM, the proportion of A2 cells dropped ( Figure 6F ). Treated cells also displayed an unstable and floppy front, showing that cortex turnover was essential for the stability of the A2 mode. To test the role of myosin II during steady-state migration, we introduced the drug into the device after the A2 cells had formed. After treatment, cells concomitantly lost their elongated shape to become round and stopped moving ( Figure 6G ). Myosin II activity was thus not only required for spontaneous polarization, but also, together with actin filament turnover, to maintain the cortical flow, the shape, and the motility of the A2 mode.
All these observations are consistent with our model and are identical to the observations made on embryonic fish cells reported by Ruprecht et al. (2015) in this issue of Cell. This suggests a common generic mechanism for the migration of contractile confined cells which are not able to form actomyosin stress fibers and instead form a contractile cortex. When a cell exceeds a certain level of contractile activity, its cortex can be destabilized by blebs and switch spontaneously to another stable state that induces a fast migration behavior (Figure 6I) . Conversely, when a cell is only moderately contractile, its cortex is constantly being destabilized by blebs but does not switch to a new stable configuration, leading to non-migrating, blebbing cells. When contractility is completely inhibited, the cortex is not destabilized, and a cell can develop more protrusive activity, which eventually leads to the A1 type amoeboidlike migration. (n = 19, 22, 18, 20, 17, 19, 18, 19, 17, 18, 17, and 15 ; p values are from a nonparametric Mann-Whitney test). See also Figure S5 and Movies S4 and S5. (legend continued on next page)
DISCUSSION
A Phase Diagram of Cell Migration Can Be Drawn Based on Only Three Parameters Amoeboid migration has been described as a fast migration mode potentially independent of adhesion and involving a rounded cell shape. However, no consensus on its mechanism has been established. Here, we showed that physical confinement and low adhesiveness could promote a mesenchymal-toamoeboid transition across a range of cell types that have not been thought to be capable of amoeboid motility. In addition, cortical contractility determined the type of amoeboid migration, leading to a general phase diagram for single cell locomotion, based on only three main parameters: adhesion, confinement, and contractility ( Figure 7B ). Below, we discuss in more detail how these three parameters, either individually or in conjunction, might contribute to the migratory transitions that we observed.
The Absence of Focal Adhesion Allows the Formation of a Cell Cortex and a Switch to a Rounded State
An intriguing aspect of the transition to amoeboid migration modes is that, in all cases, it required the absence of focal ad- hesions. We found that when cells were still able to form focal adhesions, they formed persistent protrusions and stress fibers, all of which prevented the formation of large-scale cortical flows. This observation is consistent with previous reports that integrin expression inhibits amoeboid migration (Carragher et al., 2006) . Focal adhesions and the cell cortex might compete to recruit the acto-myosin contractile machinery, leading to either contractile stress fibers or a contractile/flowing cortex. In the absence of focal adhesions, cortical tension can trigger the mechanical delamination of remaining adhesive sites, leading to a rounded shape. To mathematically account for this transition from a spread, adherent phenotype to a round shape at low adhesion and high contractility, we can draw an analogy with the dewetting of liquid droplets on flat surfaces (see Supplemental Information) . This qualitatively accounts for the observed transition from phenotype E to B in Figure 7 . This analogy, although speculative at that stage, is useful to complete the theoretical framework recapitulating our observations. It captures the importance of the balance between contractility and adhesion.
Importantly, adhesion alone does not prevent the transition to amoeboid migration, but rather its association with the formation of stress fibers. As a consequence, cell types that could adhere to particular matrix components without generating stress fibers could also move with a flowing cortex, leading to amoeboid migration even in the presence of a strong coupling between the actin cortex and the cell environment. This type of motility has been observed in leukocytes, in cancer cells invading a soft non-crosslinked matrix such as Matrigel , and in embryonic cells from zebrafish (Ruprecht et al. [2015] in this issue of Cell).
Confinement Is Required for Transmission of Forces in the Absence of Adhesion, but It Also Increases Contractility When mesenchymal cells are prevented from forming focal adhesions, they cannot hold on to fibronectin-or collagen-coated substrates. This automatically makes confinement a requirement for cell migration. This phenomenon has been termed ''chimneying'' (Malawista et al., 2000) , in reference to a technique used by mountain climbers. Exactly how these frictional forces are transmitted from the acto-myosin cortex to the migration substratum remains an open question. In addition, it has been proposed that confinement, in more complex geometries, combined with blebbing activity and an intrinsic cell polarity, could allow complete non-frictional motion to occur (Tozluo glu et al., 2013) . In conclusion, the most direct function of confinement is to enable force transmission in the absence of adhesions to the substrate.
An unexpected effect of confinement was to significantly increase contractility, thus favoring blebbing and the A2 mode of migration. As this effect was immediate, it could not rely on the activation of a transcriptional program. Force-induced signaling via focal adhesions could not explain this effect either, as cells did not form adhesive structures. This suggests that the increase in contractility observed upon confinement might be induced directly by cell and/or nuclear deformation through a yetunknown mechanism.
A Major Difference between A1 and A2 Migration Modes Is the Origin of the Polarization Process that Triggers Cell Movement An intrinsic polarization factor or process in the cell, or an extrinsic spatial cue can induce a local retrograde flow in a protrusive structure (Lorentzen et al., 2011) . Indeed, we observed that cells switched to the A1 migration mode after making contact with cell debris or with other cells, or after a division. This indicated that this mode of migration only rarely appeared spontaneously and relied on a polarization factor to locally trigger the retrograde flow and thus the cell movement.
Cell polarity can also be induced in the absence of a specific polarization signal, a phenomenon previously described in other studies (Lorentzen et al., 2011; Poincloux et al., 2011) . We found that this spontaneous polarization of a contractile cell cortex, which is predicted by our minimal model based on active gel theory (see Supplemental Information), can be nucleated randomly by the blebbing activity (see also Ruprecht et al. [2015] in this issue of Cell). Following destabilization of the cortex and transfer of the cytoplasm to the large bleb, contractility remains concentrated at the back of the cell due to the global flow, generating a stabilizing feedback. This can trigger an increase in pressure in the cell, a phenomenon reminiscent of lobopodial migration (Petrie et al., 2012 (Petrie et al., , 2014 . The movement of the global actin retrograde flow can also be transmitted to the substratum.
This phenomenon of a steady-state flow based on actin filament turnover is essentially similar to the mechanism driving protrusive lamellipodial migration (Wilson et al., 2013) or A1 cell motility. But, importantly, while A1 motility requires an additional mechanism for polarization, in the case of high contractility (A2 mode), we provided evidence, both theoretical and experimental, that a stable polarization and thus a persistent migration can occur spontaneously.
A2 Migration: A Generic, Ancestral Mode of Cell Locomotion? For all cell lines studied, the speed of amoeboid-like migration was much faster than the speed of the mesenchymal form and corresponded to values reported for amoeboid cell types (several mm/min). This suggests that these typical speeds are rather linked to the mode of migration than to the type of cell, as a given cell type can adopt both types of migration and associated speed, depending on its migration environment.
While we could observe two different types of fast amoeboid migration, the A2 mode appeared to be more general. Most cell types were able to adopt it, if contractile and sufficiently confined. Strikingly, all cell lines displayed a unique shape and speed when in the A2 mode, resembling the shape of a migrating neutrophil, with a pronounced uropod and a smooth rounded leading edge and with a similar range of speed. This was independent of their tissue of origin, of their physiological function, and of the shape and speed they displayed when migrating on an adhesive substrate without confinement. Importantly, embryonic cells from zebrafish could also display the same general shape and range of speed (Ruprecht et al. [2015] in this issue of Cell).
When we investigated the acto-myosin dynamics underlying the migration of these cells in more detail, the similarity appeared to be even more striking. Interestingly, the stereotypical ''sausage'' shape of the A2/stable bleb migrating cells has also been reported for amoebae, with also a similar actin and myosin II distribution (Yoshida and Inouye, 2001 ). This suggests that the transition to the A2, or ''stable-bleb'' fast amoeboid-like migration might be a very general phenomenon, relevant not only for cultured cancer cells but also for primary embryonic cells, both in vitro and in vivo.
From a mathematical point of view, the transition to A2 migration mode can be understood with a very generic minimal 1D theoretical model. The fact that such a simple and generic model can predict the transition to A2/stable bleb migration suggests that this mode of locomotion could be viewed as a basic property of a dynamic and contractile actin cortex. Consistent with this view, we often observed cell fragments of various sizes, resulting from shedding of large blebs, moving with the same shape, speed, and actin dynamics as A2 cells.
Taken together, the generality of the A2/stable bleb migration mode, the strong conservation of its main features (cell shape, cell speed, acto-myosin distribution, and dynamics) across a variety of cell types and organisms ranging from amoebae to vertebrates, the generic aspect of the model describing it, and the key feature of spontaneous polarization, make it tempting to speculate that this mode of migration may be an ancestral locomotion mechanism for crawling cells, shared by eukaryotes.
A2 Migration Mode Is Related to Cell Transformation
An interesting result emerging from the comparison of various cell types ( Figure 4D ), is that the capacity to display amoeboid motility seems to correlate with the transformed character of the cells assayed. This suggests an increased migration plasticity of cancer cells.
Importantly, the various migration modes can be observed in a single cell line by slightly varying the confinement level, adhesion, and contractility. As a consequence, some physical characteristics of the tumor environment, such as the confinement imposed by the surrounding tissue on the growing tumor, might be enough to trigger a migratory switch toward a faster and more invasive mode of migration. Such an increase in the migration and invasion capacity of tumor cells has been observed using encapsulated spheroids as a model for tumor growth under confinement (Alessandri et al., 2013) . This phenomenon could also explain how inhibition of matrix-degrading enzymes such as MMPs could directly promote a switch to amoeboid migration by increasing the confinement of the growing tumor and/or of single migrating cells . In conclusion, our work demonstrates an unexpected plasticity of migration of transformed mesenchymal-like cells when they are not in their physiological physical environment, suggesting that tumor cells could spontaneously adopt a large variety of strategies to escape primary tumors and invade tissues, without any specific genetic alteration.
EXPERIMENTAL PROCEDURES
In brief (see Supplemental Information for a detailed description of the methods), cell culture and experiments were performed in complete cell culture media adapted for each particular cell type. Drugs and RNAi treatments were performed following standard procedures. Cell confinement was performed using a home-made device (Le Berre et al., 2012) consisting of a suction cup made in polydimethylsiloxane (PDMS, RTV615, GE) used to press a confining coverslip bearing PDMS micro-spacers on top of the culture substrate platted with cells. Alternatively, a version of the cell confiner adapted to multi-well plates was used to perform multiple experiments in parallel. The molds for the PDMS micro-spacers were fabricated following standard photolithography procedures. The surface of the confining side was always treated with nonadhesive pLL-PEG (SuSoS), while the cell culture substrate was treated to obtain various degrees of cells adhesion using mixes of pLL-PEG and pLL-PEG-RGD. For automated cell tracking, cell nuclei were stained with Hoechst 33342. Image acquisition and image analysis were performed on workstations of the PICT-IBiSA Lhomond Imaging facility of Institut Curie. All microscopes used for time-lapse recordings were equipped with an on-stage incubation chamber which maintained the temperature at 37 C and CO 2 concentration at 5% at all times. Image analysis was performed using Image J or MetaMorph software (Universal Imaging), or homemade routines under MATLAB (MathWorks). Analysis of cell trajectories was based on standard methods for analysis of persistent random walks. To measure single cell contractility index, cells were plated between two poly-acrylamide gels coated with beads and the cell dimensions as well as the gel deformation were measured by confocal microscopy. HeLa VL cells were always used as a reference for gel calibration.
A minimal 1D theoretical model, based on the observations of the acto-myosin flows analysis, was adapted from Callan-Jones and Voituriez (2013) and Hawkins et al. (2011) to predict the mesenchymal to amoeboid transition. 
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